ABSTRACT. Rapidly warming temperatures in the Arctic are predicted to markedly alter the limnology of tundra lakes and ponds. These changes include increases in aquatic production, pH, specific conductivity, and nutrient levels. However, baseline limnological data from High Arctic regions are typically restricted to single sampling events or to repeated samplings of a few select sites, which limits our ability to assess the influence of climatic change. We employ two techniques to examine the influence of a warmer climate on High Arctic aquatic ecosystems. First, we compare limnological characteristics in July 2003 of 23 ponds and lakes from an atypically warm High Arctic oasis on Ellesmere Island to those of 32 ponds and lakes located across northern Ellesmere Island, where climatic conditions are much cooler and more typical of High Arctic environments. Second, we resample 13 sites originally analyzed in 1963 to assess the influence that 40 years of rising temperatures (as documented by meteorological records) have had on the limnological characteristics of these freshwater ecosystems. The specific conductivity values, as well as the concentrations of nutrients and related variables (especially dissolved organic carbon, DOC), from the Arctic oasis sites are among the highest yet reported from the Canadian High Arctic, and they are significantly higher than those from the polar desert around northern Ellesmere Island. Comparison of the modern and historical data indicated that most oasis sites currently have higher pH than they did in 1963, which is consistent with the documented warming of temperatures.
INTRODUCTION
The Canadian High Arctic is broadly classified as a polar desert because of its limited precipitation and harsh annual climate (Muc and Bliss, 1977) . Given the vastness of the High Arctic landscape, however, it is not surprising that its climate is heterogeneous. Arctic oases, regions of great biological production and diversity, are associated with greater availability of local water sources compared to the surrounding polar desert and are generally found at small scales (often less than 5 km 2 ; Edlund and Alt, 1989) . In the Canadian High Arctic, oases have been identified on Devon Island, including Truelove Lowland (Bliss, 1977a) , and on Ellesmere Island, including Eureka, Tanquary Fiord, and Lake Hazen (Edlund and Alt, 1989) and Alexandra Fiord (Freedman et al., 1994) . Similar areas occur at Polar Bear Pass on Bathurst Island, at Sherard Bay on Melville Island, and at Mould Bay on Prince Patrick Island (Aiken et al., 1999 onwards) . However, even among Arctic oases, the oasis of our study area at Lake Hazen is strikingly warm and lush, particularly given its extreme location north of latitude 80˚ N.
Arctic oases are of particular interest to ecologists examining the effects of recent climatic changes because they represent a glimpse of what the more typical polar desert ecosystems might become under a warmer climate. By assessing the biological, physical, and chemical processes occurring in Arctic oases, we may better recognize the effects of climate change in other Arctic regions. Because of their ecological importance and their uniqueness in the High Arctic, polar oases have been relatively well studied compared to their polar desert counterparts. For example, terrestrial faunal surveys (Bliss, 1977b; France, 1993) and botanical surveys (Muc and Bliss, 1977; Soper and Powell, 1985; Henry et al., 1990) have been reported from Lake Hazen, Truelove Lowland, and Alexandra Fiord (botanical only). However, aquatic biological research from Arctic oases has largely been limited to a few lakes in the Lake Hazen area (zooplankton, McLaren, 1964; non-diatom algae, Croasdale, 1973; cyanobacteria, Quesada et al., 1999) and to three lakes at Truelove Lowland (Minns, 1977) .
While Arctic oases are largely defined as regions of greater biological production and diversity, little is known about the baseline limnological conditions that characterize lakes and ponds from these regions. For example, limited limnological investigations were undertaken on Truelove Lowland (Minns, 1977) , and across northern Ellesmere Island (Hamilton et al., 1994 (Hamilton et al., , 2001 , which included some sites in the oasis at Lake Hazen. More recent aquatic work on dissolved organic carbon (DOC) and ultraviolet (UV) penetration has been conducted on Skeleton Lake in the Hazen oasis (Laurion et al., 1997) . Also near Lake Hazen, a physical and chemical limnological survey of ponds and lakes was carried out by Canada's Defence Research Board (DRB) in 1963, with some additional observations in 1964 (Oliver and Corbet, 1966 ).
This valuable data set includes seasonal measurements of important limnological variables such as pH, specific conductivity, and major ions, but does not provide comparison data from aquatic systems at similar latitudes outside of the Arctic oasis zone. Nonetheless, this early 1960s data set provides important reference data that allow us to assess whether these sites have changed over the past 40 years, a time of documented climate change in northern Ellesmere Island (Environment Canada, 2004) .
Excluding the oasis region of Lake Hazen on northern Ellesmere Island, previous limnological survey data are available for aquatic systems near Alert, Ellesmere Island (Antoniades et al., 2003a) . Basic limnological data have also been provided for some lakes to the south of Lake Hazen (Smith, 2002) . In addition, detailed limnological analyses have been undertaken in complex lakes along the northern coast of Ellesmere Island (Gibson et al., 2002; Van Hove et al., 2006) .
Our primary objective in this study is to characterize present-day limnological characteristics of lakes and ponds on northern Ellesmere Island, including a large number of sites located within a warm oasis region. Warm conditions have been linked to reduced ice cover, longer growing seasons, higher pH and conductivity, and enhanced biological production (e.g., Douglas and Smol, 1999; Antoniades et al., 2005; Smol et al., 2005) . However, these hypotheses have not yet been tested from sites located on similar bedrock and at comparable latitudes. Hence our goals are threefold: 1) to provide baseline limnological data from sites located across northern Ellesmere Island, both within and outside an Arctic oasis, and to compare these to other Arctic regions; 2) to examine the hypothesis that oasis sites will have limnological characteristics different from those of sites located outside the oasis; and 3) to assess differences between water chemistry data from 1963 and 2003 for selected oasis sites.
METHODS

Site Description
Our sampling took place on northern Ellesmere Island, largely, but not exclusively, within Quttinirpaaq National Park (Fig. 1) . Three physiographic regions exist within the Park: the Grant Land Mountains, which cover 65% of the Park in the north; the Lake Hazen Basin surrounding Lake Hazen; and the Hazen Plateau, which is located between Lake Hazen and the southern edge of Quttinirpaaq National Park (Bednarski, 1994) . Four climatic zones can also be delineated within the Park: 1) a cool marine climate in the northern coastal areas, 2) very cool regions characterized by high-elevation ice caps, 3) a marine climate in the southeastern portion, and 4) a continental climate at Lake Hazen and Tanquary Fiord (Thompson, 1994) . The north coast receives the most precipitation, and the areas near Lake Hazen, the least (Thompson, 1994) .
The Hazen Basin region experiences anomalously warm summer conditions because of its continental location and its placement on the leeward side of the Grant Land Mountains (Gray, 1994) . While average July daily temperatures (1971 -2000 averages) are 5.7˚C at Eureka and 3.3˚C at Alert (Environment Canada, 2004 ), temperatures at the Lake Hazen camp during our field work in July 2003 reached an average daily maximum of 16˚C, with a minimum as high as 9.6˚C. Average annual precipitation is 75.5 mm at Eureka (1971 Eureka ( -2000 and153.8 mm at Alert (Environment Canada, 2004) . The summer melt periods are shortest (~3 weeks) for the north coast, while they last Thompson (1994) . The black star indicates the location of the oasis sites detailed in inset b). Inset b) details the oasis sites just north of Lake Hazen. 8 weeks near Alert and ~10 weeks at Lake Hazen (Thompson, 1994) .
When defined by bioclimatic zone, the Lake Hazen region falls in Zone 4 (Edlund and Alt, 1989) , the most diverse botanical region in the High Arctic. It is dominated by shrubs and sedges, and its vegetation includes more than 100 species that are typical of more southerly Arctic locations (Edlund and Alt, 1989) . Within the Lake Hazen oasis, however, there are also some mountain sites that we consider "controls" because of their relatively high elevation and lack of catchment vegetation. Outside the oasis, study sites are located within a broad range of vegetation zones, from low-diversity Zone 0 sites (unvegetated) to Zone 3 sites (60 -100 taxa, prostrate shrub zone, dominated by Salix arctica or Dryas integrifolia or both; Edlund and Alt, 1989) .
Geology
Northern Ellesmere Island is largely underlain by sandstones, limestones, and slates (Christie, 1957 (Christie, , 1964 . In the most northerly regions along the north coast, Precambrian gneisses, schists, and granitic rock dominate, while volcanic and sedimentary rocks, including sandstones and limestones, underlie the northern interior regions (Christie, 1964) . The north shore of Lake Hazen, including the Hazen oasis, is composed of Permian, Triassic, Jura-Cretaceous, and Cenozoic sandstone and shale (Christie, 1964) .
Sampling Techniques
In July 2003, 55 ponds (< 2 m deep) and lakes (> 2 m deep) were sampled around northern Ellesmere Island (Fig. 1 ). Of these, 23 sites were located in the Arctic oasis immediately north of Lake Hazen. These are hereafter referred to as "oasis sites" and given unofficial names EP1 through EP24. It should be noted that EP19 is Lake Hazen, and is kept separate from all analyses because of its very large size (i.e., surface area ~54 200 ha). Three of these sites (EP22, 23, 24) were located at relatively high elevations of over 850 m above sea level. Therefore, despite their location in the warm oasis region, they serve as cooler controls within the oasis set. The remaining 31 sites were selected from around the northern half of Ellesmere Island, to the north, east, south, and west of Lake Hazen. These are hereafter referred to as "northern sites" and given unofficial names EPA through EPAE).
For each site, latitude, longitude, and elevation measurements were taken using either the helicopter global positioning unit and an altimeter or a handheld global positioning unit and topographic maps. Water temperature was recorded with a hand-held thermometer, and samples for total phosphorus (unfiltered, TPu), trace metals (aluminum, Al; beryllium, Be; cadmium, Cd; chromium, Cr; cobalt, Co; copper, Cu; iron, Fe; lead, Pb;, manganese, Mn; molybdenum, Mo; nickel, Ni; vanadium, V; zinc, Zn; and silver, Ag), and major ions (calcium, Ca; magnesium, Mg; sodium, Na; potassium, K; chloride, Cl; sulphate SO 4 ) were retrieved, using pre-cleaned 125 mL sample bottles, from ~15 cm depth within the nearshore area of each site. We used sampling techniques and analyses identical to those of our previous limnological investigations, as well as a similar time frame, which allows us to make comparisons among regions (Douglas and Smol, 1994; Lim et al., 2001; Michelutti et al., 2002a, b; Lim and Douglas, 2003; Antoniades et al., 2003a, b; Lim et al., 2005) .
Additional water samples for pH, specific conductivity, filtered nutrients and related variables (dissolved silica, SiO 2 ; total phosphorus filtered, TPf; soluble reactive phosphorus, SRP; nitrate, NO 3 ; nitrate-nitrite, NO 3 NO 2 ; ammonia, NH 3 ; total Kjeldahl nitrogen, TKN; total dissolved nitrogen, TdN; particulate nitrogen, PON; dissolved organic carbon, DOC; dissolved inorganic carbon, DIC; particulate organic carbon, POC; and chlorophyll a, Chla) were taken with 1 L plastic Nalgene ® bottles, rinsed three times with pond/lake water. At base camp, pH and specific conductivity were measured the same day the samples were obtained, using a handheld Hanna pHep 3 meter and a YSI model 33 conductivity meter, respectively. The dissolved and particulate fractions of the variables described above were filtered on site following guidelines in Environment Canada (1994) . All other analyses were performed at the National Water Research Institute (NWRI) in Burlington, Ontario (Environment Canada), using protocols described in Environment Canada (1994) .
Statistical Analyses
Data were visually screened to assess normality of distribution using CALIBRATE 1.0 (Juggins and ter Braak, 1992) . Any variables that were not normally distributed were transformed using mostly log X , log X + 1 or square root transformations. Variables whose distributions could not be normalized were run passively in statistical analyses (i.e., they were plotted onto the biplot after it was produced, and thus did not affect the results). A Pearson correlation matrix with Bonferroni-adjusted probabilities was performed on the full data set to remove those variables that were highly correlated with each other, thereby reducing the data set to a more manageable size for ordination analyses.
A Principal Components Analysis (PCA) was run on the reduced data set (by removing highly correlated variables) to assess the important limnological gradients in the data set, using the ordination program CANOCO 4.5 (ter Braak and ·milauer, 2002) .
Canonical Variates Analysis (CVA, also known as linear discriminant analysis), was used to identify environmental variables that significantly discriminate between clusters of samples (in this case, our oasis and northern sites) (Lep‰ and ·milauer, 2003) . Initially, a CVA was run for each individual variable to assess whether it explained a significant portion of the variation distinguishing the two groups. Any significant variables were retained. With the same variables used for the PCA, we performed another CVA with forward selection to choose, in sequence, the most important explanatory variables.
Comparison to Historical Data
The DRB water sampling of sites around Lake Hazen (Oliver and Corbet, 1966) , provides the earliest historical limnological survey data available in the Canadian High Arctic, and thus provides a unique opportunity to assess changes in water chemistry on a regional scale over 40 years. We used site descriptions and locations from the DRB map to identify a subset of sites common to both our study and the DRB study. While we acknowledge that differences in both measurement techniques and seasonal sampling dates make direct comparisons of pH, specific conductivity, and major ion concentrations difficult, we nonetheless make use of this valuable historical data set.
RESULTS AND DISCUSSION
Physical Characteristics
The oasis sites consisted of 19 ponds and four small lakes (EP1, EP2, EP3, EP24; median surface area (SA) oasis = 0.13 hectares). In contrast, less than one-third of the northern sites were ponds (9 out of 31, median SA northern = 6 hectares). As would be expected from their location in the oasis and their smaller sizes, the oasis sites were much warmer (mean temp. = 15.7˚C) than the northern sites (mean temp. = 9.1˚C). The difference in elevation between the two groups was not significant (mean oasis = 318 m, mean northern = 289 m).
pH, Specific Conductivity, and Major Ions
The oasis and northern sites were not significantly different with respect to pH values (mean oasis = 8.23, mean northern = 8.20, Tables 1 and 2), and their mean pH values were similar to values measured elsewhere in the Canadian Arctic, including Devon Island (Lim and Douglas, 2003) and Bathurst Island (Lim et al., 2001) , as well as Alert, Ellesmere Island (Antoniades et al., 2003a) . The similar pH both between our two groups of sites and between our study and previous surveys (Lim et al., 2001; Antoniades et al., 2003a; Lim and Douglas, 2003) likely reflects the broadly similar bedrock common to most of the sites.
Specific conductivity was significantly higher in the oasis sites (mean = 490 µS/cm) than in the northern sites (mean = 245 µS/cm) (p = 0.022, Tables 1 and 2 ). Previous High Arctic limnological surveys have reported mean specific conductivity ranging from ~100 µS/cm (Victoria Island, Michelutti et al., 2002a; Bathurst Island, Lim and Douglas, 2003) to up to 405 µS/cm (Ellef Ringnes Island, Antoniades et al., 2003b) , although specific conductivities over 300 µS/cm generally reflect the influence of sea spray on coastal lakes and ponds (Michelutti et al., 2002b; Antoniades et al., 2003b) . While some of our northern sites include coastal ponds, all our oasis sites are located inland; thus, sea spray cannot be a factor for these elevated specific conductivity values. In some sites, very high SO 4 values contribute to high conductivity in both the oasis (EP9, a very shallow site) and the northern (EPY, a small coastal site with gypsum precipitates) data sets (Tables 1 and 2 ). Both these sites also had high Ca concentrations, suggesting that local bedrock may have been important in influencing these values, as Ca and SO 4 are known to have very high concentrations in gypsiferous shale (McNeely et al., 1979) .
Higher specific conductivities would also be expected, however, in smaller water bodies under warmer conditions, as increased evaporation would increase the concentration of solutes in the water column. During the summer months, prolonged solar radiation, combined with the clear skies and warm temperatures characteristic of the Lake Hazen basin, could result in enhanced evaporation, further concentrating the solutes within the lakes and ponds. Although we do not have seasonal data from our field season, previous work at Lake Hazen documented an average drop in water levels of 0.4 cm/day throughout the ice-free season (Oliver and Corbet, 1966 ). This appears to be the case in our oasis sites; indeed, the subset of cool, poorly vegetated, high-elevation sites within the oasis region (EP22, 23, 24) had much lower conductivities (mean = 84 µS/cm) than the remaining, lowelevation oasis sites.
Concentrations of major ions (Ca, K, Mg, Na, SO 4 ) were typically greater in oasis sites, and K concentrations were significantly higher (mean oasis = 7.0 mg/L, mean northern = 1.6 mg/L). Average K concentrations elsewhere in the High Arctic range from 0.24 mg/L (Victoria Island; Michelutti et al., 2002a ) to 4.6 mg/L (Axel Heiberg Island; Michelutti et al., 2002b) . Non-marine derived K is often associated with exudates from plants (Prentki et al., 1980) . As previously discussed, the inland location of the oasis points to a terrestrial source of K; thus, the relatively high concentrations of K are likely indicative of the more highly vegetated catchments common in the oasis. Indeed, our high-elevation sites were distinctive in that they had an average K concentration of 0.48 mg/L, less than 6% of that found in the oasis sites. More specifically, Na:K ratios less than 2:1 may reflect enhanced terrestrial production (McNeely et al., 1979) . Therefore, the low ratio of Na to K in the oasis sites (Na:K oasis = 1.5, Na:K northern = 3.8) is likely indicative of the more developed catchment vegetation. Once again, our high-elevation oasis sites had relatively higher Na:K (1.9) than the other oasis sites, reflecting the sparseness of catchment vegetation. Average Na:K ratios previously reported from across the Canadian Arctic range from 1.8 (Victoria Island; Michelutti et al., 2002a) to 18.4 (Alert; Antoniades et al., 2003a ).
Nutrients and Related Variables
As expected, nutrients (TPu, TPf, SRP, TdN, TKN) and related variables (DOC, POC, PON, SiO 2 ) were significantly higher (p < 0.05) in the oasis sites than in the northern sites (Tables 1 and 2 ). When we compared only the ponds, most nitrogen fractions, as well as DOC and SiO 2 , were significantly higher in the oasis. These high concentrations of TP and TdN in the oasis sites indeed suggest that warmer conditions enhance nutrient export from the catchment into the lake or pond. NH 3 and Chla concentrations did not differ significantly between zones.
TPu values for oasis sites (mean oasis = 11.3 mg/L) were most similar to those reported from more southerly locations, including Banks Island (18 µg/L, Lim et al., 2005) , Bathurst Island (12.7 µg/L, Lim et al., 2001) , and Mould Bay, Prince Patrick Island (16.1 µg/L, Antoniades et al., 2003a) , the latter two of which include sites identified by Aiken et al. (1999 onwards) as potential polar oases. Banks Island includes freshwater environments that occur in low, mid, and High Arctic ecozones, and Banks Island itself is one of the lushest islands in the Arctic Archipelago (Lim et al., 2005) . These relatively high TPu concentrations for the oasis sites once again are indicative of their shared characteristics with other relatively warm, productive Arctic regions. It should be noted, however, that while TPu concentrations have been reported from Arctic ponds and lakes that are much higher than those we report for the oasis sites (see Lim et al., 2005 for a summary), these have been attributed to sediment re-suspension rather than indicating high production (Antoniades et al., 2003b) .
When classified to trophic status based on TPu values (Wetzel, 1983) , 48% of the oasis sites were considered mesotrophic (i.e., TPu 10 -30 µg/L, Table 2 ). TPu concentrations of the northern sites (mean northern = 7 µg/L) were more typical of aquatic habitats in the polar desert at Axel Heiberg Island (mean = 4 µg/L, Michelutti et al., 2002b) , Victoria Island (mean = 1.3 µg/L, Michelutti et al., 2002a) , and the Haughton Crater, Devon Island (mean = 3.7 µg/L, Lim and Douglas, 2003) . Only 19% of northern sites were mesotrophic or above (Table 1 ). The TPu concentrations of the high-elevation oasis sites (mean = 6 µg/L) were, once again, much lower than those of the oasis area as a whole and even lower than the mean of the northern sites. TABLE 1. Summary of selected limnological variables for the northern sites and Lake Hazen. Lake Hazen is isolated at the bottom because of its extremely large size. All sites were sampled in July 2003, and specific days are given in the "Date" column. Full details for other limnological parameters (e.g., metals, rare earth elements) are available in Keatley (2007) . Lakes ("L") are defined as being over 2 m deep and ponds as under 2 m. Three sites for which we were unable to estimate depth are denoted as "L?". Non-standard abbreviations are as follows: elevation (elev, given in meters above sea level) and surface area (SA). Abbreviations for other parameters are given in the text. The Wetzel (1983) TPu classification places the highelevation northern sites in the ultra-oligotrophic (i.e., TPu < 5 µg/L, EP23, EP24) or oligo-mesotrophic (i.e., TPu 5 -10 µg/L, EP22) category. Likewise, total N (TN) values for the oasis sites (mean oasis = 1.14 mg/L) exceed the previously reported averages for Arctic islands (see summary in Lim et al., 2005) , but are closest to those reported from the lush regions of Mould Bay (0.616 mg/L, Antoniades et al., 2003a) and Banks Island (0.499 mg/L, Lim et al., 2005) . The high-elevation oasis sites have a mean TN concentration of 0.206 mg/L, suggesting that these high-elevation sites are more similar to the northern sites (mean northern = 0.330 mg/L) than to those located within the oasis.
Interestingly, the TN:TPu ratios of the two groups of sites do not differ greatly (TN:TPu mean oasis = 98, mean northern = 67) and primary production in both groups is clearly limited by P (Downing and McCauley, 1992) . However, when we examine TPu versus TN graphically, we see that there is little relationship between the two variables in either the full data set (graph not shown) or in the northern sites alone (Fig. 2b) , but a positive linear relationship between them in the oasis sites (Fig. 2a) . This finding suggests that, in the northern sites, different mechanisms control nitrogen and phosphorus delivery to the aquatic ecosystems, but that in the oasis sites the cycles of these nutrients are linked. It is probable that autochthonous production is higher in the oasis sites (e.g., Quesada et al., 1999) . This survey is similar to other High Arctic limnological surveys (see below) in that it shows no relationship between either TN or TPu and Chla.
Concentrations of DOC in the oasis sites (mean oasis = 17.3 mg/L) are more than twice the highest previously reported mean values, which were 6.7 mg/L for Mould Bay and 6.1 mg/L for Banks Island. DOC concentrations for the northern sites are similar to averages for most other Arctic limnological surveys (mean northern = 3.4 mg/L). The subset of the high-elevation oasis sites had even lower DOC than the northern sites (mean = 2.3 mg/L). As most DOC is derived from catchment vegetation and aquatic mosses, and as the vegetation is much richer in the oasis than outside, this is not a surprising result. What is especially noteworthy, however, is the unprecedentedly high DOC concentrations from the oasis sites. These high concentrations likely reflect a few ponds that could possibly be considered wetlands because of their very shallow depths and the mosses, grasses, and sedges growing throughout them. Michelutti et al. 2002b ). In our study, the oasis sites had average SiO 2 concentrations of 5.35 mg/L, while the northern sites had an average of 1.47 mg/L. While both our zones have high SiO 2 concentrations, likely reflective of the bedrock geology, the oasis sites greatly exceed previously reported Canadian High Arctic SiO 2 concentrations. These high concentrations may be attributable to the increased action of weathering due to enhanced runoff during late spring snowmelt under these warmer oasis conditions. In addition, because our SiO 2 measurements were taken from unfiltered water samples, the high SiO 2 values may also reflect increased abundance of siliceous algae within the water samples of the more productive oasis sites.
It is hypothesized that warmer conditions will result in higher concentrations of nutrients and related variables (e.g., Douglas and Smol, 1999) , and consequently, higher biological production. While terrestrial production was indeed high in the oasis sites, there was no significant difference between the two zones with respect to Chla, our proxy for autochthonous phytoplanktonic production (mean oasis = 0.6 mg/L, mean northern = 0.5 mg/L). Likewise, there was no relationship between Chla and either TN or TPu, regardless of whether we examined the two zones together or separately, or whether we examined the oasis sites with or without the high-elevation sites. Chla concentrations have similarly borne little resemblance to other typical indicators of high production (such as high P and N concentrations) in other Canadian High Arctic limnological surveys (Michelutti et al., 2002a, b; Antoniades et al., 2003a, b; Lim et al., 2005) . This has been attributed to discrepancies between measuring Chla in the water column, whereas most of the primary production occurs in the periphytic habitat (Vezina and Vincent, 1997; Villeneuve et al., 2001; Bonilla et al., 2005) . It is reasonable to suggest that a similar phenomenon may occur here.
Statistical Results
The PCA ordination biplot of all sites (Fig. 3) indicates two main directions of variation in the measured environmental data: Axis 1 includes nutrients and related variables (TPu, TPf, DOC, TdN, SiO 2 ) as well as conductivity and major ions, and explains 52.9% of the variation in the sites. Meanwhile, Axis 2 represents a trace metal gradient and explains 16% of the variation (Fig. 3) . For the sake of clarity in the ordination plot (Fig. 3) , we have chosen to remove some highly correlated variables based on the Pearson correlation matrix (Table 3) . For example, SiO 2 has replaced the highly correlated variables of POC and PON, TdN represents both TKN and TdN, and the metals U, V, Zn, Co, Cr, Be, Mg, and Mn have been removed. The following ecologically important variables could not be normalized and thus were plotted passively in the ordination (Chla, DIC, K, SO 4 , Cl), along with the geographical variables (elevation, latitude, longitude, temperature).
As expected, the oasis sites plot closer to each other than to the northern sites (Fig. 3) , and most of these lie along the higher end of Axis 1. This once again indicates that conductivity and nutrients and related variables seem to distinguish the oasis sites even in the presence of all other measured limnological variables. Some exceptions to this general trend include high-elevation oasis sites (EP22, 23, and 24) that were more dilute and less nutrientrich than most other oasis sites (see above). These highelevation sites also had persistent ice cover and very little vegetation in their catchments. The northern sites that plotted closest to our oasis sites on the PCA (AE, E, H) tended to be small ponds with relatively rich vegetation when compared to the rest of the northern sites. The two sites that plotted at the positive end of Axis 1 were the least nutrient-rich and most dilute in the entire data set. These sites were Lake Hazen, a very large lake, and EPO, a pond located on top of a high mountain glacier with no vegetation, soil, or even rock in its watershed.
In an attempt to quantitatively determine the main environmental gradients defining the oasis and northern zones, a Canonical Variates Analysis (CVA) was performed to identify environmental variables that could significantly discriminate between clusters of samples. Using this method, only DOC explained a significant portion of the variation between the oasis and northern sites (p = 0.001). However, DOC was also highly correlated to many nutrients and related variables (including TPu, TPf, TdN, TKN, POC, and PON, Table 3 , Fig. 3 ), and thus, while DOC was the only significant variable retained in the analysis, it represents a number of correlated water chemistry variables.
Historical Data
Some of the sites we sampled at Lake Hazen had been part of a Defence Research Board limnological study in 1963 (Oliver and Corbet, 1966) . These historical data represent the earliest available quantitative limnological data for the Canadian High Arctic. Instrumental temperature records from Alert and Eureka, as well as proxy climate indicators from Alexandra Fiord (Rayback and Henry, 2006) and glacier mass balance records from around north central Ellesmere Island (Braun et al., 2004) , indicate a relatively cool period in the 1960s compared to the late 1990s and the early 21st century. Temperature records from the DRB study indicate average July 1963 temperatures of 6.6˚C (Oliver and Corbet, 1966) , compared to an average temperature of 12.8˚C during our field season in July 2003. Since limnological characteristics such as pH and specific conductivity also change over the course of a growing season in High Arctic lakes and ponds (Douglas and Smol, 1994) , comparisons between the two data sets must be made with caution. Nevertheless, there are no other Arctic regions with available water chemistry data from the 1960s, and so a comparison, even at a basic level, is warranted.
Interestingly, in almost all sites, we see a slight increase in pH (Fig. 4a) in 2003 relative to 1963 . By examining the identical sites 40 years apart, we have removed any influence of differences in geology. Recall that in our modern survey, we did not record significant differences between our pH values in the oasis and northern sites, and that this was likely because of the overriding influence of geology. By removing the influence of geology (i.e., resampling the same sites), we may be more directly tracking limnological differences related to a longer growing season that would be reflected in the warmer temperatures.
Specific conductivity showed no clear pattern between 2003 and 1963 , but instead appears to be related to sampling date (Fig. 4b) . Not surprisingly, specific conductivity is in general much higher later in the growing season (Fig. 4b) , although this pattern is not without exception (see EP17, for example). Indeed, seasonal studies both at the Hazen Camp in 1963 (Oliver and Corbet, 1966) and elsewhere in the High Arctic (Douglas and Smol, 1994) have noted that specific conductivity increased in the majority of sites over the course of the summer season because of evaporation. During the 1963 study at Hazen Camp, the specific conductivity fluctuated on the order of 500 µS/cm over the course of the ice-free season, with some ponds drying up completely (Oliver and Corbet, 1966) . In our modern comparison, we conducted our field sampling within a short time window of less than two weeks, and thus we largely removed the seasonal effect of changes in conductivity. Changes in the precipitation regime would also influence conductivity. Although there has been a significant increase in total annual precipitation at Eureka, there has been no clear trend in annual precipitation at Alert, the closest meteorological station, over the last 50 years (Environment Canada, 2007) . Concentrations of K and SiO 2 are both higher in most sites in 2003 (Fig. 4c, d ), but Ca, Mg, Na, Cl, and SO 4 all show complex patterns that are similar to those found for conductivity (data not shown).
SUMMARY AND CONCLUSIONS
We provide a limnological survey of aquatic habitats located throughout the diverse landscape of northern Ellesmere Island and compare these to other High Arctic limnological surveys. The concentrations of nutrients and DOC reported from the oasis ponds and lakes are among the highest, and in some cases the highest yet reported from the Canadian High Arctic. The oasis sites at Hazen Camp are more similar to oasis sites located at Mould Bay, Prince Patrick Island, Banks Island, and Bathurst Island (many hundreds of kilometres to the southwest) than to those located within a few hundred kilometres on Ellesmere Island. Meanwhile, the northern Ellesmere lakes and ponds from our data set are more similar to those located within the polar deserts of Alert, Axel Heiberg Island, and Devon Island.
We compared point samples of limnological characteristics between aquatic habitats located within an Arctic oasis at Hazen Camp to those located outside this oasis area to determine if these smaller, warmer water bodies had higher specific conductivity and increased nutrient concentrations. Our comparisons indicate that smaller sites located in warmer and more lushly vegetated Arctic regions have distinctive water chemistry, particularly with respect to nutrients and related variables. In our data set, these higher concentrations of nutrients and related variables (particularly DOC and correlated variables) were significant despite differences in latitude, elevation, and surface area between the oasis and northern sites. Interestingly, the three high-elevation oasis ponds were more similar to the polar desert sites than to the other Arctic oasis ponds with respect to specific conductivity and nutrients and related variables.
A comparison of water chemistry from a subset of the oasis sites that were first examined in 1963 to data we collected in 2003 showed that some sites had higher pH in 2003 than they did in 1963, consistent with documented warming temperatures. Comparisons of specific conductivity, however, appear to be more related to sampling date.
In summary, aquatic ecosystems in this Arctic oasis have distinct water chemistry from those located in the nearby polar desert. We associate this difference with increased catchment vegetation, greater runoff from the watershed, and enhanced evaporation, all of which can be linked to the warmer temperatures of the oasis. Our results may represent a preview of how other Arctic freshwater systems might change under a continued Arctic warming scenario.
